Objective: In the liver, a contributing factor in the pathogenesis of non-alcoholic fatty liver disease is oxidative stress leading to the accumulation of highly reactive electrophilic α/β unsaturated aldehydes. The objective of this study was to determine if significant differences were evident when evaluating carbonylation in human endstage fatty nonalcoholic steatohepatitis (fNASH) compared to end-stage nonfatty NASH (nfNASH). Methods: Using hepatic tissue obtained from healthy humans and patients diagnosed with end stage nfNASH or fNASH, overall carbonylation was assessed by immunohistochemistry (IHC) and LC-MS/MS followed by bioinformatics. Results: Picrosirius red staining revealed extensive fibrosis in both fNASH and nfNASH which corresponded with increased reactive aldehyde staining. Although significantly elevated when compared to normal hepatic tissue, no significant differences in overall carbonylation and fibrosis were evident when comparing fNASH with nfNASH. Examining proteins that are critical for anti-oxidant defense revealed elevated expression of thioredoxin, thioredoxin interacting protein, glutathione S-transferase p1 and mitochondrial superoxide dismutase in human NASH. As important, using immunohistochemistry, significant colocalization of the aforementioned proteins occurred in cytokeratin 7 positive cells indicating that they are part of the ductular reaction. Expression of catalase and Hsp70 decreased in both groups when compared to normal human liver. Mass spectrometric analysis revealed a total of 778 carbonylated proteins. Of these, 194 were common to all groups, 124 unique to tissue prepared from healthy individuals, 357 proteins exclusive to NASH, 124 proteins distinct to samples from patients with fNASH and 178 unique to nfNASH. Using functional enrichment analysis of hepatic carbonylated proteins revealed a propensity for increased carbonylation of proteins regulating cholesterol and Huntington's disease related pathways occurred in nfNASH. Examining fNASH, increased carbonylation was evident in proteins regulating Rho cytoskeletal pathways, nicotinic acetylcholine receptor signaling and chemokine/cytokine inflammatory pathways. Using LC-MS/MS analysis and trypsin digests, sites of carbonylation were identified on peptides isolated from vimentin, endoplasmin and serum albumin in nfNASH and fNASH respectively. Conclusions: These results indicate that cellular factors regulating mechanisms of protein carbonylation may be different depending on pathological diagnosis of NASH. Furthermore these studies are the first to use LC-MS/MS analysis of carbonylated proteins in human NAFLD and explore possible mechanistic links with end stage cirrhosis due to fatty liver disease and the generation of reactive aldehydes.
Background
Non-alcoholic fatty liver disease (NAFLD) is a leading cause of liver failure in the United States today. A common phenotype of NAFLD is pronounced hepatic lipid accumulation and enhanced oxidative stress. In a subset of NAFLD patients, symptoms progress to nonalcoholic steatohepatitis (NASH) and in this inflammatory environment a further subset will progress to fibrosis and ultimately cirrhosis [1] [2] [3] .
In NASH, steatosis is frequently regarded as the first "hit" and is hypothesized to be the prerequisite for progression to steatohepatitis. A second, not yet definitively identified, "hit" is required for the progression to steatohepatitis. This second hit has been proposed to include cellular processes such as mitochondrial injury, oxidative stress, innate immunity or proinflammatory cytokines [4] . Recent data has suggested that inflammation provoked by oxidative stress promotes the production of pro-inflammatory cytokines including tumor necrosis factoralpha (TNF-α) in Kupffer cells and hepatocytes, leading to stimulation of collagen synthesis by hepatic stellate cells [5] .
The formation of reactive oxygen species (ROS) during chronic inflammation is central to the progression of chronic liver diseases [6, 7] . ROS are produced by the mitochondrial respiratory chain, the cytochrome P450 system, auto-oxidation of heme proteins, the NADPH oxidase complex, xanthine oxidase, oxidative enzymes and other cellular systems [8] . While ROS are important in signal transduction, cellular physiology and critical metabolic pathways, a high concentration of ROS can result in hepatocellular damage, apoptosis and necrosis [9] . Elevated ROS can also lead to a free radical chain reaction with unsaturated fatty acids generating toxic electrophilic α/β unsaturated aldehydes, a process called lipid peroxidation [10] . Oxidative stress is an important factor in the pathogenesis of NASH and has been proposed contribute to the "second hit" [4, 11] . During NASH progression, markers of oxidative stress including products of lipid peroxidation are elevated and importantly, decrease following bariatric surgery or other types of treatments supporting the relationship between hepatocellular damage and lipid peroxidation [12] [13] [14] [15] .
The best characterized of carbonyl-derivatives are 4-hydroxy-2-nonenal (4-HNE), 4-oxo-2-nonenal (4-ONE), Malondialdehyde (MDA) and acrolein [7] . Following their formation, these highly reactive lipid peroxides modify nucleophilic Lys, Cys and His residues on proteins exerting pathophysiological inhibitory effects. Lipid peroxidation/protein aldehyde carbonylation is a validated marker of oxidative stress [7, 16, 17] . Research in our laboratory has pioneered global proteomic approaches to identify proteins that are post-translationally modified by reactive aldehydes in the liver. In recent murine and human studies in alcoholic liver disease we have identified 829 and 1244 proteins respectively that are carbonylated during conditions of increased hepatocellular stress [16, 18] . In our current study, we utilized LC-MS/MS, immunohistochemistry and Western blotting to determine the impact of human end-stage fatty NASH and nonfatty NASH on protein carbonylation and anti-oxidant defense proteins.
Materials and methods

Human tissue
To determine the status of protein carbonylation in human fNASH/ nfNASH, paraffin embedded and frozen hepatic tissue from normal and end stage NASH patients (N=8 Non-fatty NASH, 7 Fatty NASH and 7 normal human liver) procured during transplantation (ages were obtained from the University of Minnesota Liver Tissue Cell Distribution Center which was funded through NIH Contract #HHSN276201200017C. Whole cell extracts (WCE) of each sample were prepared by dounce homogenization (10X) of tissue resuspended in 50 mM tricine pH 8.0, 0.001 M NaCl plus phosphatase and protease inhibitors (SIGMA ALDRICH, St Louis, MO) followed by sonication (3×15 s@ 4°C). To remove debris, samples were centrifuged at 14,000 RPM (16,000 g)(4°C) for 10 min. Supernatants were drawn off and immediately flash frozen in liquid nitrogen.
Histological evaluation
To detect fibrosis, formalin fixed slides were stained with PicroSirius (PSR). In addition, immunohistochemical staining for 4-HNE, rabbit polyclonal [16] , 4-oxononenal rabbit polyclonal (4-ONE), acrolein rabbit polyclonal (Cell Sciences, Newburyport, MA), malondialdehyde (MDA) rabbit polyclonal (ABCAM, Billerica, MA), myeloperoxidase (MPO) goat polyclonal (Millipore, Billerica, MA), catalase rabbit polyclonal (SIGMA ALDRICH, St. Louis, MO), GSTπ rabbit polyclonal (MBL, Woburn, MA), mitochondrial superoxide dismutase (SOD2) goat polyclonal (ABCAM, Billerica, MA), Thioredoxin (Trx1) rabbit polyclonal (Protein Tech, Rosemont, IL) was completed as previously described [17] . Histologic images were captured on an Olympus BX51 microscope equipped with a four-megapixel Macrofire digital camera (Optronics; Goleta, CA) using the PictureFrame Application 2.3 (Optronics). All images were cropped and assembled using Photoshop CS2 (Adobe Systems, Inc.; Mountain View, CA). For picrosirius red (PSR) quantification, ten polarized images were made in a "tiling" fashion across each PSR stained slide, then quantitated using the 3I Slidebook program (3I, Denver, Colorado) to arrive at the PSR stained pixels per 100x field for that slide.
Biotin hydrazide purification
Whole cell extracts (500 μg) were prepared from age matched hepatic tissue obtained from the same human patients as utilized for both immunohistochemistry and Western blotting (normal (N=4), Fatty NASH (N=4) and Non-Fatty NASH (N=4)). Aldehyde modified proteins from each extract were derivatized using biotin hydrazide (BH; ThermoFisher/Pierce, Waltham, MA; 5 mM/2 h/RT/dark) followed by NaBH 4 reduction (10 mM/100 mM NaOH 1hr/dark) followed by Streptavidin purification and trypsin digestion as previously described [16, 18] .
LC-MS/MS analysis
For LC-MS/MS analysis, 8μl of each peptide mixture was loaded on a Bruker Amazon Speed LC-MS/MS and a Bruker Maxis IMPACT LC-MS/ MS. The instrument was operated using data-dependent collision-induced dissociation (CID) MS/MS or electron transfer dissociation (ETD) with a threshold of 10,000 total ion current (TIC). Data analysis was performed using ProteinScape V3.1.2 (Bruker Daltonics Inc. Billerica, MA) and Mascot (v2.1.04, Matrixscience). First a global search for proteins was conducted with a Mascot cutoff score of 80 with the following variable modifications of carbamidomethyl (C) and oxidized (M). After the initial search a second search was conducted for posttranslational modification by reactive aldehydes using the masses previously described [16] . For this 2nd iteration, peptide significance required a Mascot score higher than 24 and visual validation of spectra. Following protein identification, all data was pooled into each respective group.
Western blotting
Western blotting for E.R. Stress proteins CHOP/GADD153 (rabbit polyclonal Santa Cruz Biotechnology, Santa Clara, CA), Glucose Response Protein 94 (Grp94, Mouse monoclonal, (Millipore, Temecula, CA), Glucose Response Protein 78 (Grp78 Rabbit polyclonal) (ABCAM, Billerica, MA), Heat Shock Protein 70 (Hsp70 Mouse monoclonal), Stressgen/Enzo Lifesciences Farmingdale, NY), Trx1 (Protein Tech, Rosemont, IL), Thioredoxin Reductase 1 (TrxR1), (Protein Tech), Thioredoxin interacting protein (TxNIP) (Invitrogen, Carlsbad, CA), SOD2 (ABCAM), catalase (Sigma, St Louis, MO) and Vimentin (Rabbit polyclonal, Cell Signaling Woburn, MA) was performed from 10 μg of liver extracts as previously described [17, [19] [20] [21] . GAPDH was used as a loading control with anti-GAPDH (Mouse monoclonal) (ABCAM, Billerica, MA). Quantification of expression of each protein was performed using ImageJ (NIH) and normalized to overall GAPDH expression.
Bioinformatics
Bioinformatics analysis was performed using UniProt IDs from proteins identified in the each sample group. ID's were initially converted into gene symbols using the UniProt website (UniProt Release 2017_01). Gene symbols were compared to the Panther Pathways database [22] available through the Enrichr database [23] . When the same UniProt ID linked to multiple gene symbols, the multiple gene symbols were collapsed into one in the Panther pathway database prior to enrichment analysis. Enrichment was determined using a one-sided Fisher's Exact test for 4 mutually exclusive sets of proteins/genes: 1) genes that represent protein carbonylated in the fNASH samples (not nfNASH or normal liver), 2) genes that represent protein carbonylated in the nfNASH samples (not fNASH or normal liver), 3) genes that represent protein carbonylated in the normal liver samples (not nfNASH or fNASH), and 4) genes that represent protein carbonylated in both the fNASH and nfNASH samples (not normal liver). A pathway was significantly enriched if more than one gene/protein from the pathway was in the list of carbonylated proteins and the enrichment p-value was less than 0.05. For visualization, hierarchical clustering was done using Euclidean distance between binary indicators of significance (p < 0.05 vs. p > =0.05). Enrichment analyses and the heatmap were generated using R Statistical Software (version 3.3.2).
Molecular modeling
All manipulations were performed using Discovery Studio software (Version 3.1; Accelrys Inc., San Diego, CA). The crystallographic coordinates of the 2.4 Å human endoplasmin/Grp94/Hsp90b (PDB code 2olv [24] ), and 1.1 Å human serum albumin (PDB code 4k2c (23)) crystal structures were obtained from the RCSB Protein Data Bank (http://wwww.rcsb.org) [25, 26] .
Statistical analysis
The data are presented as means ± SE. Comparisons between genotype and diet was accomplished by one-way ANOVA, followed by Student Newman-Keuls post hoc analysis. Comparisons between two groups were accomplished using Student's T-tests. Statistical significance was set at P < 0.05. Prism 5 for Windows (GraphPad Software, San Diego, CA) was used to perform all statistical tests.
Results
Post-translational modification of proteins by products of lipid peroxidation has been implicated as a contributing factor in the progression of chronic liver disease [2, 3, 7] . Although significant data have been accumulated using animal and human models of ALD, protein carbonylation in human hepatic tissue in NASH has not been examined [16, 18] . In the present study we have examined the effects of increased oxidative stress with respect to protein carbonylation and relevant antioxidant defense systems in human tissue obtained from patients classified as having either end-stage fNASH or end-stage nfNASH.
For this study, fresh frozen human hepatic tissue and formalin fixed tissue from normal and end stage NASH was obtained prior to transplant from the University of Minnesota Liver Tissue cell Distribution Center (NIH Contract #HHSN276201200017C). For each patient relevant hepatic parameters was provided (model for end-stage liver disease (MELD) [27] , aspartate aminotransferase (AST), international normalized ratio of prothrombin coagulation (INR), serum bilirubin, alkaline phosphatase and albumin). As shown in Table 1 , all 15 patients possessed increased MELD scores indicative of severe hepatic dysfunction. MELD scores however were significantly higher in fNASH patients when compared to nfNASH. Examining individual parameters, INR (normal approximately 1.0), total bilirubin (adult normal range 0.1-1.3 mg/dL), serum AST (normal range 12-39 U/L), alkaline phosphatase (normal range 39-117 U/L), were all elevated and serum albumin (normal range 3.5-5.7 g/dL) levels suppressed. Comparing fNASH with nfNASH, fNASH patients overall exhibited significant higher INR and bilirubin concentrations. Combined these data suggest that at least for the samples examined, the degree of disease was more severe in individuals diagnosed with fNASH.
Cirrhosis is characterized by a marked increase in fibrosis. To verify the extent of fibrosis, tissue sections obtained from human NASH patients were stained with Picrosirius red. As shown in Fig. 1 , tissue from healthy donors exhibited no evidence of steatosis or Picrosirius red staining characteristic of abnormal fibrotic networks within the periportal and centrilobular regions of the liver (1A). In patients with end stage fNASH, mild steatosis was observed in tissue sections with significant picrosirius staining indicative of bridging fibrosis and cirrhosis (1B). Steatosis was not present in patients diagnosed with nfNASH but all patients exhibited cirrhosis (1C). To further characterize this fibrosis, polarized light images of each picrosirius red stained section (1D-F) were quantified [28] . As shown in Fig. S1 , samples analyzed from patients with end-stage f/nf NASH displayed significant increases in picrosirius red intensity as compared to healthy controls but no difference were evident between fNASH and nfNASH.
Protein carbonylation has been proposed to play a significant role in the transition to fibrosis in NASH [29] . In human NASH patients, protein carbonyls are reported to increase by over 400% [13] . Pathophysiology of carbonylation has not been examined in end-stage patients diagnosed with fNASH or nfNASH. Tissue sections isolated from human end-stage patients were immunohistochemically probed for posttranslational modification by the reactive aldehydes MDA ( Fig. 2A-C) , acrolein (2D-F), 4-ONE (2G-I), and 4-HNE (2J-K). As shown in Fig. 2 , Panels A, D, G and J, significant staining by any of the reactive aldehydes was not present in normal hepatic tissue. Focusing on the fNASH and nfNASH samples, 4-HNE staining was significantly increased within most hepatocytes in fNASH and nfNASH. Staining by 4-ONE revealed panlobular staining in both fNASH and nfNASH. Examining tissue sections isolated from both nfNASH and fNASH revealed dramatically increased aldehyde staining in hepatocytes. Within fibrotic tissue, both acrolein and 4-ONE staining was increased. Furthermore, staining of all aldehydes increased in cholangiocytes adjacent to fibrosis indicating elevated oxidative stress is occurring during the ductal response. In fNASH and nfNASH, 4-HNE, 4-ONE, MDA and acrolein all exhibited significant staining across the lobules with staining further elevated in areas surround fibrotic tissue. There were no apparent differences in aldehyde staining when comparing nfNASH and fNASH.
Neutrophil infiltration and the NADPH oxidase complex is a significant source of reactive species that contribute to the formation of reactive aldehydes. To determine if increased neutrophil infiltration was present in end-stage n/nfNASH, tissue sections were probed for the neutrophil marker myeloperoxidase (MPO). As shown in Fig. 3 , both nfNASH and fNASH displayed increased neutrophil accumulation within fibrotic tissue as well as in tissue adjacent to fibrotic tissue. Importantly, neutrophil infiltration corresponded to areas where increases in lipid peroxidation are evident. Decreased glutathione Stransferase activity is frequently identified with chronic inflammation and oxidative stress [19, 30] . To determine the effects of fNASH/ nfNASH on GST activity, enzyme activity assays were performed using 1-chloronitrobenzene (CDNB) as a substrate. As shown in Fig. 3B , global GST activity is suppressed by 30% in end-stage f/nfNASH supporting the presence of increased hepatic oxidative stress. No significant differences were evident between fNASH and nfNASH.
The enzymes catalase and mitochondrial superoxide dismutase play an important role in mitigating reactive intermediates during chronic inflammation. Previous reports examining both mRNA expression and activity, have indicated suppression of catalase in human NASH [13, 31] . Furthermore, during conditions of elevated oxidative stress, by its ability to reduce oxidized cysteine residues, the thioredoxin (Trx1)/ 
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thioredoxin reductase system contributes to cellular anti-oxidant defense [32] . In serum isolated from human NASH patients, levels of Trx1 increase as disease severity increases [33, 34] . To determine the impact of fNASH and nfNASH on hepatic expression of catalase, SOD2, GSTπ and the thioredoxin system (Trx1, TrxR1 and TxNIP), Western blots were performed. As shown in Fig. 4A and Table 2 , catalase expression decreased in fNASH and nfNASH suggesting that there may be defective anti-oxidant responses whereas SOD2 expression is significantly Glutathione Stransferase activity in U/mg total protein using whole cell extracts isolated from Normal, fNASH and nfNASH hepatic tissue. Data are means ± SEM as analyzed by two-way ANOVA with a Bonferroni post hoc analysis (Normal group compared to nfNASH and fNASH groups), (N=7 patients/group (p < 0.05)). elevated in both groups. GSTπ has previously been demonstrated to contribute to mitigation of lipid aldehydes. Examining expression of GSTπ, expression is significantly elevated in both NASH groups. Focusing on the antioxidant enzyme Trx1, whereas there was no significant change in TrxR1, Trx1 expression is significantly upregulated in hepatic tissue from both fNASH and exhibited a trend towards an increase in nfNASH patients. Using immunohistochemistry, expression of TxNIP has been reported to be upregulated in NASH patients when compared to patients with NAFLD [35] . From our Western blotting analysis, TxNIP is significantly upregulated in both fNASH and nfNASH supporting previously reported histology.
To further support our Western expression data, tissue sections from normal, fNASH and nfNASH groups were probed for catalase, SOD2 using fluorescent immunohistochemistry. As shown in Fig. 4C , expression of SOD2 (Green, panels A-C) is clearly elevated in f/nfNASH. Catalase (Red, Panels D-F) however, did not exhibit a similar elevation. Concurrently, there is a significant lack of colocalization of cells expressing catalase and SOD2 (Merge, Panels G-I, yellow arrows). Furthermore, increased SOD2 expression is in the same hepatic region as neutrophil infiltration and post-translational modification by reactive aldehydes supporting enhanced levels of oxidative stress in NASH.
From Western data, both Trx1 and GSTπ are significantly upregulated in both NASH groups. To further explore the impact of NASH on Trx1 and GSTπ expression, an immunohistochemical approach was utilized (Fig. 5 ). Examining Trx1 (Panels A-C), in normal tissue, Trx1 staining was very weak which is in agreement with previously published reports [36, 37] [38, 39] . To further delineate the ductular reaction in the end-stage NASH samples obtained in this study, cytokeratin 7 staining was performed. As shown in Panels G-I, in both fNASH and nfNASH, cytokeratin positive cells were present within and adjacent to fibrotic tissue demonstrating that these cells were part of the ductal response during injury and are cholangiocytes.
We recently reported the use of BH derivatization followed by global LC-MS/MS analysis to identify carbonylated proteins in liver lysates isolated from ethanol-fed mice as well as tissue procured from end-stage human alcoholics [16, 18] . In the present study, BH derivatization was performed on whole cell extracts prepared from fNASH and Table 2 Impact of fNASH and nfNASH on expression of thioredoxin and antioxidant responses. Quantitative analysis of Western blots presented in Fig. 4A . Each band was quantified using NIH ImageJ and normalized against total GADPH expression. N=6 normal, 6=fNASH, 6=nfNASH, data are means ± SEM, a=statistically significant change when compared to expression in normal tissue. 
nfNASH tissue. Following avidin purification, carbonylated proteins were digested with trypsin and the resulting peptides were examined by LC-MS/MS. As shown in Table S1 , a total of 778 carbonylated proteins, collectively, were identified in any sample. To visualize proteins that were unique to each condition, a Venn diagram is presented in Fig. 6A and Table S2 . Of the 778 identified proteins, 194 were common to both normal and NASH tissue, 124 unique to tissue prepared from healthy individuals, 55 proteins were carbonylated in both fNASH and nfNASH and not healthy individuals, 124 proteins were unique to samples from patients with fatty NASH and 178 unique to nfNASH. To identify cellular pathways preferentially impacted by carbonylation in human NASH, proteins identified as carbonylated were subjected to bioinformatic analysis using the Panther Pathways database [40, 41] . From Fig. 6B and Tables S3, increased carbonylation of proteins regulating cholesterol and Huntington's disease related pathways was evident in nfNASH (Table S3 red font) . Examining fNASH, increased carbonylation was evident in proteins regulating Rho cytoskeletal pathways, nicotinic acetylcholine receptor signaling, and chemokine/cytokine inflammatory pathways (Table S3  blue font) . Surprisingly, Normal tissue exhibited significant enrichment of carbonylated proteins in pathways regulating fructose/galactose metabolism, de novo purine synthesis and pyruvate metabolism (Table S3 green font). A similar enrichment was not detected in any of the NASH groups.
An MS-MS approach was used in combination with the Mascot database to find individual peptides that are post-translationally modified by reactive aldehydes. Importantly, in addition to using the masses for modification by MDA, 4-HNE, 4-ONE, HHE and acrolein, Michael and Schiff base adduction of Lys, Cys and His residues by α/β unsaturated aldehydes crotonaldehyde, pentenaldehyde, hexenaldehyde, heptenaldehyde, octenaldehyde and nonenaldehyde was performed in the peptide searches (Table S4 ) [42, 43] . From these searches, adducted peptides from 3 proteins were identified. As shown in the MS-MS spectra (Fig. S2) From bioinformatic data as well as the peptides identified, proteins regulating E.R. Stress are significant targets of carbonylation in end stage human NASH. To determine if overall expression of E.R. Stress responses is impacted in end stage fNASH or nfNASH a Western blot was used followed by quantification of expression using GAPDH normalization and densitometry. As shown in Fig. 7 and Table 3 , no Table S1 were analyzed using the VENN data analysis software at the Bioinformatics and Evolutionary Genomics (http://bioinformatics.psb.ugent.be/webtools/Venn/). B. For enrichment analysis, four groups of proteins were identified. Proteins were functionally annotated and pathways were examined for enrichment using EnrichR. Pathways that were nominally significant (p < 0.01) in at least one of the 4 protein lists are included in the graphic. The colors of the heatmap range from white (unadjusted p-value > 0.01) to bright red based on the log base 10 transformation of the unadjusted p-value. A p-value of 1 was used when the pathway was not represented by any proteins in the list. PANTHER pathways (rows) are ordered based on hierarchical clustering using the Euclidean distance and a binary indicator of significance (p < 0.01 vs. p≥0.01). Fig. 7 . Expression of E.R. stress response proteins in end-stage NASH. Overall expression of Grp94, Grp78, Hsp70, CHOP/GADD153, Vimentin and GAPDH in 10 μg of whole cell extracts prepared from normal, fNASH and nfNASH hepatic tissue.
significant changes in expression were evident when examining Grp78, ENPL/Grp94/Hsp90b, and Chop (GADD153). Expression of Hsp70 was significantly decreased in both fNASH and nfNASH tissue. We have previously shown that in end stage ALD, vimentin expression is significantly increased [16] . An examination of vimentin expression in the current samples also demonstrated a significant elevation of vimentin expression reflective of severe fibrosis. These data suggest that there may be selective mechanisms regulating E.R. stress and protein folding/ heat shock responses in end stage NASH. We have previously reported that Lys 235 on vimentin is adducted in end stage alcoholic liver disease and that adduction perturbed protein structure [16] . To further explore the impact of adduction of heptenealdehyde on ENPL/Grp94 Lys 708 (2o1v [24] ) and 4-ONE on albumin are located on the alpha helices that are connected by a loop on the periphery each protein subunit (Figs. 8C, 8D ).
Discussion
Nonalcoholic liver disease is a multifactorial chronic inflammatory disease. A key contributor to the pathogenesis of NASH is enhanced hepatocellular oxidative stress resulting in the production of reactive species via inflammation as xanthine and NADPH oxidases which in turn induce lipid peroxidation of unsaturated fatty acids producing reactive aldehydes. In human NASH as well as murine models, antibodies against reactive aldehydes are increased [2, 3, 29] . As important, Table 3 Impact of fNASH and nfNASH on expression of enzymes regulating protein folding. Quantitative analysis of Western blots presented in Fig. 7 . Each band was quantified using NIH ImageJ and normalized against total GADPH expression. N=6 normal, 6 fNASH, 6 nfNASH, data are means ± SEM, a=statistically significant change when compared to expression in normal tissue. , His 368 residues (CPK).
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these antibodies further increased as the stage of disease progressed into fibrosis and cirrhosis. Supporting their contribution to pathogenesis, in obese NASH patients undergoing bariatric surgery, levels of lipid peroxidation and expression of Cyp2E1 decrease following surgery correlated with weight loss [12] . Previous studies from our laboratory have identified numerous proteins that are directly impacted by protein carbonylation in alcoholic liver disease in rodents as well as humans [17, 28, [45] [46] [47] [48] . Although lipid peroxidation and the production of reactive aldehydes is widely accepted as a contributor to the pathogenesis of NASH, to date, global proteomic analysis of protein carbonylation has not been examined in human NASH. In the present report, we extend data concerning the pathology of NASH by using global proteomic approaches to examine lipid peroxidation in human end-stage fatty and nonfatty NASH livers that were procured during liver transplantation. Our data clearly demonstrate increased lipid peroxidation is panlobular in end-stage NASH regardless of fatty or nonfatty pathology with staining increasing in areas surrounding fibrotic tissue. Although the overall MELD scores of the fNASH patients were higher when compared to nfNASH, carbonylation staining was not significantly different suggesting that at least at the end stages of disease protein carbonylation may not contribute to overall disease severity as calculated by MELD. Both groups however, possessed as direct contrast with lipid peroxidation in early stages of NASH which is primarily evident in the centri-lobular region [49] . In that report, the investigators only examined MDA-lysine adduction and did not examine other reactive aldehyde adducts. Comparing histology of the reported early stage study with end stage disease, we conclude that lipid peroxidation plays a continuing role in hepatocellular damage that progresses from primarily zone 3 to panlobular predominance as disease progresses. Increases in lipid peroxidation are evident in human NASH and correlate strongly with a reduction in GSH [50] . Although we do not demonstrate changes in GSH which would require fresh tissue for accurate measurements, the decrease in GST activity could be attributed to a reduction in GSH.
In normal hepatic tissue, both catalase and SOD2 expression is primarily localized in the centri-lobular region. From our histology, increased SOD2 and the lack of elevated catalase expression is evident in the periportal region of both fNASH and nfNASH. In some areas, expression is increased in hepatocytes surrounding fibrotic tissue but in other hepatocytes, expression is elevated in cells that are several layers removed from fibrotic tissue. From these data it can be predicted that the resulting decrease in catalase expression would contribute to elevated cellular concentrations of hydrogen peroxide which would contribute to oxidative damage. It may be that elevated SOD2 expression is directly due to cells attempting to mitigate increased levels of reactive intermediates. Furthermore from colocalization studies, expression of SOD2 and catalase are not necessarily in the same cell indicating that oxidative stress is not consistent throughout areas of diseased tissue and that there may be differential responses. This is also supported by differences in 4-HNE and acrolein staining which also demonstrate areas of non-colocalization. Concurrently, elevated acrolein staining correlates with the increased expression of GSTπ. GSTπ has been reported to metabolize acrolein and in a cell culture model, transfection of catalytically inactive GSTπ resulted in enhanced production of lipid peroxidation products as well [51, 52] . In addition to effects on lipid peroxidation, polymorphisms in GSTπ are risk factors for NAFLD and decreased GSTπ expression are associated with carcinogenesis [53] . The patients examined in this study did not possess hepatocellular carcinoma and but did exhibit elevated GSTπ expression. Furthermore, from the immunohistochemistry, GSTπ upregulation is especially notable in cholangiocytes that are part of the ductal response. In the biliary disorder primary biliary cholangitis (PBC), GSTπ expression is decreased suggesting that GSTπ modulation is disease dependent. GSTπ has been reported to contribute to detoxification of reactive aldehydes in other hepatic diseases which overall suggests that the upregulation of GSTπ in end stage NASH samples is an attempt to mitigate damage that is occurring due to lipid peroxidation/protein carbonylation [52] .
Enhancing these finding is the finding that the thioredoxin system is impacted in both NASH groups. Thioredoxin has previously been shown to be elevated in the serum of NASH patients with levels increasing as disease progresses [33, 34] . This also correlated with mRNA data from human NAFLD patients [54] . In this report, Trx1 expression is only significantly elevated in fNASH. This is interesting due to the MELD scores of the fNASH patients was significantly higher than the MELD scores in nfNASH which further links Trx1 and disease severity. Elevated Trx1 could be a marker of disease progression or could be a marker of fNASH but not nfNASH.
Using LC-MS/MS approaches we have identified 778 proteins that are carbonylated in hepatic tissue. This is significantly less than what we have previously identified in human alcoholics [16] . We have previously demonstrated that the use of individual replicates significantly enhances identification of carbonylated proteins and hypothesize that this may be a contributing factor for the discrepancies [18, 47, 55] . Comparing the proteins identified in this study with our previous human end stage ALD study, 260 proteins were not identified in the ALD study (Fig. S3A ). Of these 103 were exclusive to fNASH, 124 exclusive to nfNASH and 33 proteins were identified in f/nfNASH [16] . Bioinformatic analysis of this comparison revealed a commonality of proteins implicated in Huntington's disease and in Rho cytoskeletal regulation (Fig. S3B , Table S4 Yellow highlight). This suggests that despite distinct origins in disease pathology that these pathways may both contribute to dysfunction in end-stage liver disease. Further comparison of NASH and end stage ALD samples, GSTπ, Trx1 and SOD2 are elevated during the ductular response to injury as is shown in Fig. 5 and colocalize with carbonylated proteins (Fig. S4 ). This suggests that upregulation of GSTπ and Trx1 in cholangiocytes and oxidative stress may be a general phenomenon of the ductular reaction during end stage liver disease. It should be noted however, that given the sample sizes, significantly larger studies will be necessary to further identify differences in carbonylation in patients that have been diagnosed with fatty NASH and non-fatty NASH. Concurrently, additional mass spectrometric and histological studies will be required to determine differences in carbonylation that occur in other hepatic diseases such as hepatitis C, primary sclerosing cholangitis and primary biliary cholangitis.
Increased carbonylation of vimentin was prominent in our previous report using samples isolated from ALD patients [16] . In this report, carbonylated vimentin was identified in all NASH samples examined but none of the normal samples. The fact that we have also identified the identical modification of vimentin in our NASH samples is not surprising. Carbonylation of vimentin may represent a common pathway that contributes to fibrosis. Vimentin is also known to contribute to pathogenesis of NASH [56] . In murine models of NASH vimentin expression is increased and also is strongly correlated with serum albumin expression. During fibrotic conditions, vimentin expression is elevated and is indicative of liver undergoing repair and fibrosis. In cell culture models, vimentin significantly increases in cirrhotic hepatocytes as they undergo hepatocyte epithelial mesenchymal transition [57] . In hepatic stellate cells, vimentin expression increases as fibrosis forms [58] . Increased vimentin expression is associated with increased tissue remodeling and fibrosis in methionine-choline-deficient models of NASH and correlates with increased hepatocellular death [59, 60] . The finding of adducted serum albumin is intriguing. In a recent report using the methionine choline deficient model of NASH in mice, prior immunization using serum albumin adducted by malondialdehyde potentiated hepatocellular inflammation and cytokine levels [2] . As important, increased fibrosis was evident in immunized animals when compared to controls. Further stressing the importance of oxidation of albumin in end stage liver disease. In human alcoholics with severe hepatitis, hyperoxidized serum albumin contributes to neutrophil activation and enhanced oxidative stress [61] . Our data combined with these previous reports support the proposition that adduction of serum proteins by lipid aldehydes and the initiation of both innate and adaptive immune response contribute to human NASH progression mimicking evidence in animal models.
The endoplasmic reticulum (E.R.) is an important hepatocellular mediator of protein synthesis, folding, post-translational modification and trafficking. In diseases such as ALD, exposure of hepatocytes to elevated oxidative stress will often induce E.R. stress characterized by disruption of normal protein folding and induction of E.R. Stress response proteins. We have previously shown that in models of alcoholic liver disease, carbonylation of E.R. stress chaperone proteins that assist in protein folding such as Glucose Response Protein 78 (Grp78) and Hsp70 disrupts their function contributing to the unfolded protein response and impacting hepatocellular metabolism [62] [63] [64] . Disruption of E.R. responses is closely linked to oxidative stress and is a known contributor of NASH pathogenesis [65] . In NASH, E.R. stress decreases following bariatric surgery and as does lipid peroxidation as shown in a separate study [12, 66] . From the crystal structure along with our data demonstrating no significant changes in Grp94 expression, the impact of carbonylation of Grp94 Lys 708 is unclear. It should be noted that there was considerable variability in Grp94 expression on both NASH groups. Furthermore, although the adducted peptide for Grp94 was only identified in a single patient, carbonylation of Grp94 was present in all fNASH and nfNASH samples (Data not shown). If Grp94 function is impaired in NASH patients, we anticipate that it would contribute to elevated E.R. stress enhancing pathogenesis. Adduction would disrupt electrostatic interactions with the adjacent Asp 712 but both of these residues are far removed from the ATP binding site. Although we did not find carbonylated peptides for other E.R. stress chaperone proteins, many including Grp78, Hsp72, protein disulfide isomerases and peptidyl prolyl isomerases were identified in our global screen. Hsp70 expression however is significantly decreased in both NASH patient groups. Hsp70 has been shown to decrease as NAFLD progresses to NASH in human patients and has been demonstrated to inhibit inflammatory signals by its ability to associate with IκB kinase gamma (IKKγ) [67, 68] . We demonstrate increased inflammation in the form of MPO positive neutrophils in our human NASH samples which colocalized with increased protein carbonylation. We hypothesize that increased carbonylation combined with decreased expression of Hsp70 may be contributing to elevated inflammation enhancing carbonylation. This further supports the contribution of carbonylation on dysregulation of protein folding and E.R. stress in human end-stage NASH. In summary, this study is the first to examine and identify hepatic proteins that are post-translationally modified by reactive aldehydes in liver tissue isolated from patients diagnosed with end-stage NASH. Furthermore, although they are phenotypically similar with respect to carbonylation as determined by histology, fatty NASH and non-fatty NASH exhibit significant differences in the pathways targeted by reactive aldehydes. As important, inflammation, E.R. Stress and oxidative stress all are contributing to hepatocellular dysfunction. This report combined with previous reports also provides additional evidence that oxidative stress is an ongoing active process in NASH continuing from simple steatosis during early stages [30] throughout the course of the disease and suggests that the use of adjuvant therapeutics that target oxidative stress may still have some benefit in end stage liver disease.
Financial support and acknowledgements
